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Abstract. In the terrestrial slug, Umax maximus, feed¬ 
ing activity and cardiovascular function have been shown 
to be correlated. For example, in intact animals, both 
feeding responsiveness and heart activity are suppressed 
during dehydration (Grega and Prior, 1986). The paired 
peptidergic buccal ganglion neurons RBI and FBI have 
dramatic modulatory effects on both the feeding motor 
program (FMP) and the force of heart contraction (Wels- 
ford and Prior, 1991). The B1 neurons appear to contain 
the small cardioactive peptides (SCPs). Observations have 
a frequency dependent excitation of both the FMP and 
the heart demonstrated by intracellular stimulation of Bl. 
Thus, interneuron Bl may serve to mediate the coincident 
modulation of multiple responses to physiological stresses. 

Introduction 

Environmental stress or a change in the physiological 
state of an organism very' often results in a concerted array 
of regulatory responses. Such responses usually include 
modification of behavioral patterns, or the level of be¬ 
havioral responsiveness, as well as changes in physiological 
functions such as cardiac output and respiratory' activity. 
With the use of certain invertebrate organisms, recent re¬ 
search has addressed the question of the control of such 
concerted response patterns (Prior, 1989; Teyke et ai, 
1990; Frugal and Brownell, 1987). 

Terrestrial gastropods, such as Umax maximus, are 
remarkably susceptible to environmental stresses such as 
dehydration. In a drying environment, they can lose 30- 
40% of their body weight within a few hours (see Prior et 
al., 1983; Riddle, 1983; Prior, 1985, for reviews). Among 
the array of regulatory responses displayed by dehy drating 
slugs are contact-rehydration (Prior, 1984; Prior and Ug- 
lem, 1984), modifications in respiratory function (Dick- 
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inson et al. , 1988), alterations in feeding responsiveness 
(Prior, 1983; Phifer and Prior, 1985) and modifications 
in cardiovascular function (Grega and Prior, 1986; Wels- 
ford and Prior, 1991). As such, Umax represents a useful 
model for the analysis of the integration of multiple reg¬ 
ulatory' responses. 

The concerted control of feeding behavior and cardio¬ 
vascular function in Umax has been a focus of recent 
work (see Grega and Prior, 1985; Prior and Welsford, 
1989). Rhythmic feeding behavior in this organism in¬ 
volves alternating protraction and retraction of the toothed 
radula against a food source. Feeding bouts often last 
many minutes and can involve hundreds of bite cycles 
(see Gelperin et al., 1978). In semi-intact or isolated prep¬ 
arations of the central nervous system (CNS: Fig. 1), 
chemical stimuli applied to the lips or electrical stimu¬ 
lation of the lip nerves can elicit a prolonged pattern of 
efferent neural activity that underlies the feeding move¬ 
ments. This feeding motor program (FMP; Prior and Gel¬ 
perin, 1977; Gelperin et al., 1978) consists of alternating 
bursts of activity in protractor and retractor motoneurons 
(Fig. 1, 2). In addition to activation of the major buccal 
musculature, the FMP involves synchronized activation 
of the accessory salivary system. During feeding, the ac¬ 
tivity of the fast salivary burster neurons (FSBs), which 
are the motoneurons to the salivary' ducts, becomes phase- 
locked with protraction (Fig. 2). 

SCP B Modulation of Feeding and Heart Function 

In gastropods, the small cardioactive peptides (SCPs) 
have an excitatory effect upon both the musculature (see 
Lloyd and Willows, 1988; Lloyd, 1989) and the neural 
networks underlying patterned feeding activity (see Wil¬ 
lows et al., 1988). In several species, SCP B can initiate 
patterned efferent activity in isolated CNS preparations 
(e.g., Helisoma, Murphy et ai, 1985; Tritonia, Willows 
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Figure 1. A diagram of the isolated central nervous system of Umax 
including: the paired buccal ganglia and the fused cerebral and abdominal 
ganglia: the pneumostome region; abdominal nerves N8-N12 and the pos¬ 
terior pedal nerves, PPN; buccal nerves N1-N3; gastric nerve, GN; salivary’ 
nerve, SN; buccal protractor motoneuron B7; fast salivary burster neuron, 
SB; cerebrobuccal connective, CBC; metacerebral giant cell, MCG. 


et aL 1988). In Umax , however, SCP B has a modulatory 
role, increasing the responsiveness of the central pattern 
generator to stimuli (Prior and Watson, 1987). In the 
presence of 10 7 to 10 6 \l SCP B , otherwise ineffective 
stimuli can initiate full expression of the feeding motor 
program. 

Among the neurons in Umax that are responsive to 
SCP B are the paired fast salivary bursters. The rate of en¬ 
dogenous burst activity in these motoneurons is enhanced 
by application of SCP B in a concentration-dependent 
manner (Fig. 3,4). Short-term application of SCP B results 
in a slow increase in FSB burst frequency and an even 
slower decrement of the effect follows initiation of a saline 
wash. In addition, continuous perfusion of a preparation 
for 20-30 min reveals no indication of desensitization of 
the effect. In 10 6 M SCP B , the burst frequency was sus¬ 
tained at 14 bursts/min compared with a control fre¬ 
quency of 1 burst/min (see Prior and Watson, 1987). It 
has been determined that this excitatory effect is mediated 
by an increase in the rate of the interburst depolarization 
rather than a general decrease in resting potential (Hess 
and Prior, 1989). Thus the effects of SCP B on the Umax 
feeding system include modulation of the responsiveness 
of the FMP in addition to direct excitation of specific 
motoneurons. 

To assess further the potential role of an SCP B -like pep¬ 
tide in the regulation of feeding responsiveness, exogenous 
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Figure 2. Activation of the feeding motor program (FMP) in an isolated buccal ganglia-brain preparation by 
electrical stimulation of an external lip nerve (artifacts at beginning at A). The FMP is characterized by alternation 
of efferent bursts correlated with protraction (buccal nerve 1: RBR1; and the right and left salivary nerves: RSN, 
LSN), and retraction (buccal nerve 2: RBR2). The nonfeeding endogenous bursts of the right FSB are noted with 
dots. The upper calibration trace indicates one mark/second. (From Pnor and Watson, 1987) 
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Figure 3. (A) A continuous extracellular recording from the left salivary nerve (FSN) of an isolated 

huccal ganglia-brain preparation is shown in 1-3. The prominent bursting unit in this record is the fast 
salivary burster (FSB; each burst consists of 12-15 spikes). Within 20 s of the application of 2 X 10 h M 
SOP B to the preparation (first arrow), the burst frequency of the FSB increases. Following removal of SCP B 
from the superfusion medium (second arrow), burst frequency of the FSB returns to the prelrcatment level. 
(B) an intracellular recording from the fast salivary burster neuron (FSB) showing the increase in burst 
frequency and, in this case, progressive depolarization, in response to 2 X 10 6 M SCP B (the dashed line 
indicates the level of the interburst hyperpolarization before exposure to SCP B ). Bar = 30 s (A) and 20 mV 
(B). (From Prior and Watson, 1988) 


SCP B was injected into intact animals and their feeding 
responsiveness measured. As shown in Table 1., SCP B can 
initiate the apetetive phases of feeding behavior including: 
(1) cessation of locomotion, (2) tentacular retraction, (3) 
lip eversion, and (4) lip movement. That the consumatory 
phase of feeding was not regularly initiated was not un¬ 
expected, in that in isolated CNS preparations SCP B did 
not initiate feeding, but rather, increased responsiveness 
to stimuli. Nevertheless, this would appear to be the first 
demonstration of an orderly effect of injected SCP B in an 
intact organism. This result certainly supports the notion 
that an SCP B -like peptidergic system is involved in the 
control of the feeding system in Umax. 

The small cardioactive peptides have been shown to 
have an excitatory effect on the musculature of numerous 
systems, including Helix heart (Lloyd 1978, 1982), Aplvsia 
and Tritonia buccal mass and gut (Lloyd et al, 1984; 
Lloyd and Willows, 1988), and Umax ventricle (Welsford 
and Prior, 1991; Lloyd, 1979; 1989). In Umax , both SCP B 


and SCP A cause a concentration-dependent increase in 
the force of ventricular contraction (Welsford and Prior, 
1991). At a concentration of 10“ 6 M, SCP B can cause a 
150% increase in the force of ventricular contractions. 
Although lower concentrations of SCP B (10 9 to 10 7 M) 
can cause a slight increase in heart rate, there does not 
appear to be a consistent effect (Prior and Welsford, 1989). 

The excitatory effects of SCP B on heart and the feeding 
system of Umax . together with the stress-induced coin¬ 
cident changes in feeding and cardiovascular function ob¬ 
served in intact animals (Grega and Prior, 1985), are in¬ 
dicative of the possibility of coincident control of these 
two systems. 

Multifunctional Modulatory Interneuron B1 

In that exogenous SCP B can simultaneously modify 
feeding and cardiovascular function, immunohistochem- 
ical techniques were used in an effort to identify central 
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Figure 4. The responses of the fast salivary burster neuron (FSB) to 
varying concentrations of SC P B are presented by plotting burst frequencv 
as a function of time during the experiment In each case, SCP B was 
superfused over an isolated buccal ganglion-brain preparation between 
minutes 2 and 4. The preparation was superfused with saline for 20 min 
between each trial. (A) The responses obtained in three trials with the 
same preparation using various concentrations of SCP B are shown. Each 
point represents the burst frequency of the FSB in the preceding 60 s. 
(B) The responses of a second preparation to SCP B . In this case four 
different concentrations of SCP B were used as well as a control saline 
trial. (C) The extent of the variability between preparations is illustrated 
by plotting the mean (±SD) burst frequency at each time point for 29 
trials in 12 preparations during exposure to 2 X 10' 6 M SCP B . (From 
Prior and Watson, 1987) 

neurons containing SCP B -like-immunorcactive-material 
(SLIM) that might be involved. Among the most prom¬ 
inent SLIM-reactive neurons were the right and left B1 
buccal neurons (Prior and Watson, 1987). In addition to 
those neurons that clearly contain SCP B immunoreactive 
material, there are numerous cell bodies that are enmeshed 
by networks of immunoreactive fibers ( e.g B7, FSB), 
which is suggestive of peptidergic endings near the target 
feeding neurons. 

The morphology of B1 was examined by intracellular 
injection of horseradish peroxidase (Fig. 5a). There are 



Figure 5a. A photomicrograph of a preparation of paired buccal 
ganglia (outlined) showing the morphology of the left B1 neuron injected 
with horseradish peroxidase. Cerebrobuccal connective, CBC; salivary 
nerve. SN; this preparation was made by k. Delaney) 


two major axonal projections and an extensive dendritic 
arborization in the lateral lobe of the buccal ganglion. A 
small axon projects across the buccal-buccal commissure. 



Figure 5b. Panel 1 is a camera lucida draw ing of the soma of LB1 
following injection of Co + + showing the major axon exiting the buccal 
ganglion in the ipsilateral cerebrobuccal connective. Panel 2 is a camera 
lucida draw ing of the abdominal ganglion show ing the continued axonal 
projection of the injected FBI, with one axonal branch in abdominal 
ganglion nerve 9 and two axonal branches in nerve 11. Panel 3 illustrates 
antidromic activation of B1 in response to repetitive stimulation of the 
cardiac branch of nerve 9. Panel 4 shows repetitive intracellular stimu¬ 
lation of Bl causing in a constant-latency axonal impulse recorded in 
nerve 9. 
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Behavioral effects of SCP B injections in Li max maxim us 


Treatment 


Behavioral observations 


Tentacular locomotion 

Lip retraction 

Lip eversion 

Lip movement 

Saline 

83.0% 

8.0% 

0.0% 

0.0% 

10' 7 moll 1 SCP B 

83.0% 

25.0% 

17.0% 

8.0% 

10 6 moll 1 SCP B * 

92.0% 

33.0% 

42.0% 

25.0% 

I0' 5 moll 1 SCP B ** 

17.0% 

83.0% 

100% 

58.0% 


The percentage of animals that displayed each behavior is presented in each case. 

Each animal received injections of each concentration of SCP B and the saline control. 

The 0.05 probability level was accepted as significant (determined by a Friedman’s lest and a non-paramelric multiple comparisons procedure). 
All concentrations of SCP B are the calculated final hemolymph concentrations. 

The results with U 5 and 10 6 moll 1 SCP B injection were significantly different from those with injection of control saline and 10 7 moll 1 SCP B . 
Furthermore, the results with 10~ 5 moll 1 SCP B injection were significantly greater than those observed with injection of 10 h molP 1 SCP B . 

* P < 0.05, ** P<0.01, n = 12. 

(From Schagene et ai, 1989) 


Although the dendritic arborizations occur primarily in 
the lateral lobe, they do span into the medial lobe, in¬ 
cluding the region containing both retractor and protractor 
feeding motoneurons. The major axon projects out the 
ipstlateral cerebrocuccal connective, through the cerebral 
ganglion, into the abdominal ganglion and out abdominal 



Figure 6. A summary of the change in the burst frequency of the 
fast salivary burster neuron initialed by intracellular stimulation of the 
ipsilaleral B1 neuron at different impulse frequencies. The apparent 
threshold frequency for B1 is 2-4 Hz with the maximal effect occurring 
at about 7 Hz. Changes in the FSB burst frequency w'ere normalized as 
a percentage of the pre-stimulation level of activity in each preparation. 
Each bar represents the mean (±SD) response of five buccal ganglion- 
brain preparations. (From Prior and Welsford, 1989) 


nerves 9 and 11, which innervate the heart and kidney 
complex, respectively (Fig. 5b). Rapid stimulation (5Hz) 
of a cardiac branch of nerve 9 resulted in antidromic ac¬ 
tivation of the soma of Bl. Correspondingly, repetitive 
activation of the soma of Bl by intracellular current in¬ 
jection was followed by a constant latency impulse in the 
cardiac branch of nerve 9 (Fig. 5a). 

The immunohistochemtcal results together with the 
basic morphology of Bl, including significant arboriza¬ 
tions in the region of the feeding neurons, and, remark¬ 
ably, a major axonal projection to the heart, were sugges¬ 
tive of a role for Bl in the concerted control of feeding 
and cardiovascular functions. 

Intracellular stimulation of Bl at quite low frequencies 
results in a progressive increase in the activity of the fast 



Figure 7. The effect of unilateral stimulation of Bl on the force of 
ventricular contraction. The bars represent the mean (±SD) response 
from 56 trials. Ten action potentials were elicited at each frequency. The 
a, b, c notation refers to significant differences (c.g., C’s are significantly, 
P < 0.001, different from a’s and b's). (Redrawn from data of Welsford 
and Prior, 1991) 
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salivary bursters. As shown in Figure 6, driving B1 at 5 
impulses/s can result in a 50% increase in FSB burst fre¬ 
quency. Even two to three impulses at low frequencies 
are sufficient to elicit a transient increase in FSB burst 
frequency. These effects are sustained in high Mg ++ , high 
Ca J saline indicating the possibility of monosynaptic 
connection. 

To assess the potential role of B1 in the control of heart 
function, semi-intact preparations of the CNS and inner¬ 
vated heart were used, which allowed intracellular stim¬ 
ulation of B1 and measurement of ventricular activity. 
Stimulation of B1 at low frequencies resulted in an in¬ 
crease in the force of contraction of the heart (Fig. 7). It 
is of interest that B1 frequencies of 5 to 7 impulse/s were 
the most effective in the activation of both the E'SB and 
the heart. 

When this experiment was repeated with the CNS 
bathed in high Mg ++ , high Ca ++ saline, there was no 
change in the effectiveness of B1 to increase heart function. 
This suggests that B1 has a direct effect on peripheral tar¬ 
gets rather than acting via additional CNS neuronal path¬ 
ways. 

Thus, it would appear that buccal neuron B1 may be 
a multifunction peptidergic interneuron capable of si¬ 
multaneously modulating the central feeding motor pro¬ 
gram and cardiovascular function. As such, Bl, along with 
other similar neurons, is positioned to control the syn¬ 
chrony of multiple behavioral responses normally ob¬ 
served in response to environmental stress and changes 
in the physiological state of an organism. 
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